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Understanding the origin of clouds
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Clouds are an important part of our atmosphere and they have
a critical role in controlling the amount of the sun’s energy that
reaches the earth’s surface. Clouds can have a cooling effect
on the atmosphere, which counteracts increases in temperature
caused by climate change.[!! Understanding exactly how clouds
impact on our climate and ensuring that we can accurately model
the current role and extent of clouds is critical to determine how
any changes in climate will affect clouds and how clouds will
affect climate in the future.

Clouds consist of many drops of liquid water and these
droplets form when water vapour condenses on the surface of
a tiny particle. The sources of these particles in the atmosphere
are many and varied. Some are generated from the surface of the
land or ocean by wind action, and some of these primary par-
ticles can act as cloud condensation nuclei (CCN).[? There are
also several natural processes that emit gases, which then react
in the atmosphere to form secondary particles. This includes the
emission of gases from plankton and seaweed in the ocean and
plants on land. Man’s activities, such as the burning of fossil
fuels can also result in the production of particles either directly
or through precursor gases.

There is a complicated interaction between existing particles
and gases in the atmosphere. Larger particles can mop up the
precursor gases before they can form a particle, which limits
the role for secondary particle formation.!*! Even clouds them-
selves have a very important role in reactions between gases and
between particles and gases.[*]

The CLAW Hypothesis!>! was published in 1987 and stated
that plankton in the ocean emitted dimethyl sulfide (DMS),
which once in the atmosphere eventually forms tiny sulfate par-
ticles that could act as CCN. It was suggested that plankton
emitted more DMS when under stress from higher sea surface
temperatures and so more CCN and clouds would result, which
created a feedback loop to limit warming.[>) Many studies have
shown that the seasonal cycles of DMS, sulfate particles and
CCN numbers are strongly correlated.[®) However, other stud-
ies have shown that DMS-derived sulfur dioxide is removed by
larger particles before it can form tiny sulfate CCN.1%]

DMS isn’t a major source of CCN in the marine boundary
layer,!”! but has an important role in modifying the chemistry of

new particles and a role in nucleation in the free troposphere,®!
but is only a limited contributor to nucleation in the marine
boundary layer.!”] At Mace Head, Ireland, the local kelp, Lami-
naria digitata is a significant source of iodine, which acts as an
initiator for new particle formation.”l When the kelp is stressed
at low tide, around midday, large particle formation events are
observed and clearly the kelp has a very important role in making
new particles at Mace Head.[>14]

In February 2006 the Precursors to Particles (P2P 2006) cam-
paign occurred at the Cape Grim Baseline Air Pollution Station,
Tasmania. The aim of P2P 2006 was to assess the role of the local
kelp, Durvillaea potatorum, in emitting iodine and in forming
new particles that could act as CCN. Particle measurements dur-
ing P2P 2006 showed no new particle events in either clean
marine or post-frontal air.['3] Biological, gas and particle mea-
surements on the beach 94-m below the Station showed only
very small increases in particle numbers and methyl iodide! !> 1¢]
and no elevation over background levels for some of the other
potential precursor gases, such as 10, OIO and DMS.[13:17]

To better understand the differences between the kelp at the
two sites, samples were studied in a chamber and Durvillaea
potatorum would only produce particles when exposed to very
high, unnatural levels of ozone.['8 The particles that resulted
from exposure to ozone were unusual and composed of a highly
volatile aromatic.l'® Additional transmission electron micro-
scope grid samples of particles in clean marine air were collected
and most of these particles originated from the surface of the
ocean surface,!'”! with particle growth the result of the addition
of sulfate.[1%-20]

Material from the surface micro-layer of the ocean modifies
aerosol chemistry?! and at Cape Grim appears important for
providing nucleating centres.!!’! The chemistry (and biology)
of primary particles derived from the surface micro-layer needs
to be monitored and these measurement techniques need to be
used to verify satellite measurements of the same parameters,
since remote sensing gives better coverage of the ocean than
can be achieved by cruises and coastal stations. Sampling of
the ocean surface micro-layer to determine its content is needed
and a better understanding of the relationship of wind speed to
the generation of particles from the ocean’s surface is required,
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particularly to allow better modelling of cloud formation and
radiative impacts in a changing climate.

The role of plankton in initiating new particle formation from
DMS is limited by the presence of much larger sea salt particles
that absorb sulfur dioxide.I??! The work at Cape Grim suggests
that the role of kelp in promoting new particle formation is lim-
ited, but Durvillaea potatorum emits iodine and this will have an
impact on atmospheric and aerosol chemistry.['>] Only limited
work at other sites that support Laminaria digitata has been per-
formed and have only assessed precursor gases.!?3! The work at
Cape Grim indicates that further work is required at other loca-
tions and on other macro-algae to better understand the global
importance of the processes identified at Mace Head.

References

[1] M. D. King, Radiative Properties of Clouds, Aerosol-Cloud—Climate
Interactions (Ed. P. V. Hobbs) 1993 (Academic Press: New York).

[2] A. H. Woodcock, Salt nuclei in marine air as a function of altitude

and wind force. J Meteorol. 1953, 10, 362.

J. M. Cainey, M. J. Harvey, Dimethylsulfide, a limited contributor to

new particle formation in the clean marine boundary layer. Geophys.

Res. Lett. 2002, 29, 1128. doi:10.1029/2001GL014439

D. A. Hegg, P. V. Hobbs, L. F. Radke, Measurements of the

scavenging of sulfate and nitrate in clouds. Atmos. Environ. 1984,

18, 1939. doi:10.1016/0004-6981(84)90371-8

R. J. Charlson, J. E. Lovelock, M. O. Andreae, S. G. Warren,

Oceanic phytoplankton, atmospheric sulphur, cloud albedo and

climate. Nature 1987, 326, 655. doi:10.1038/326655A0

G. P Ayers, J. M. Cainey, R. W. Gillett, J. P. Ivey, Atmospheric

sulphur and cloud condensation nuclei in marine air in the southern

hemisphere. Phil. T. R. Soc. B 1997, 352, 203. doi:10.1098/

RSTB.1997.0015

[7] Y. J. Yoon, P. Brimblecombe, Modelling the contribution of sea salt

and dimethyl sulfide derived aerosol to marine CCN. Atmos. Chem.

Phys. Discuss. 2001, 1, 93.

F. Raes, Entrainment of free-tropospheric aerosol as a regulating

mechanism for cloud condensation nuclei in the remote marine

boundary layer. J. Geophys. Res. 1995, 100, 2893. doi:10.1029/

94JD02832

C. D. O’Dowd, T. Hoffmann, Coastal new particle formation: a

review of current state-of-the-art. Environ. Chem. 2005, 2, 245.

doi:10.1071/EN05077

R. Von Glasow, lodine, new particles and atmospheric chemistry —

the current state of play. Environ. Chem. 2005, 2, 243. doi:10.1071/

ENV2N4_ES

R. J. Flanagan, M. Geever, C. D. O’Dowd, Direct measurement

of new-particle fluxes in the coastal environment. Environ. Chem.

2005, 2, 256. doi:10.1071/EN05069

(3]

(4]

(8]

[10]

(1]

142

J. M. Cainey

[12] K. Sellegri, Y. J. Yoon, S. G. Jennings, C. D. O’Dowd, L. Pirjola,
S. Cautenet, H. Chen, Quantification of coastal new ultra-fine
particles formation from in sifu and chamber measurements during
the BIOFLUX campaign. Environ. Chem. 2005, 2, 260. doi:10.1071/
EN05074

C. J. Palmer, T. L. Anders, L. J. Carpenter, F. C. Kipper,
G. B. McFiggans, lodine and halocarbon response of Laminaria
digitata to oxidative stress and links to atmospheric new particle
production. Environ. Chem. 2005, 2, 282. doi:10.1071/EN05078

J. P. Greenberg, A. B. Guenther, A. Turnipseed, Marine organic
halide and isoprene emissions near Mace Head, Ireland. Environ.
Chem. 2005, 2, 291. doi:10.1071/EN05072

J. M. Cainey, M. Keywood, M. R. Grose, P. Krummel, I. E. Galbally,
P. Johnston, R. W. Gillett, M. Meyer, P. Fraser, P. Steele, M. J. Harvey,
K. Kreher, T. Stien, O. Ibrahim, Z. D. Ristovski, G. Johnson,
C. A. Fletcher, E. K. Bigg, J. L. Gras, Precursors to particles (P2P)
at Cape Grim 2006: campaign overview. Environ. Chem. 2007, 143.
M. R. Grose, J. M. Cainey, A. McMinn, J. A. E. Gibson, Coastal
marine methyl iodide source and links to new particle formation at
Cape Grim during February 2006. Environ. Chem. 2007, 172.

I. E. Galbally, S. J. Lawson, I. A. Weeks, S. T. Bentley, R. W. Gillett,
M. Meyer, A. H. Goldstein, Volatile organic compounds in marine
air at Cape Grim, Australia. Environ. Chem. 2007, 178.

J. M. Cainey, M. Keywood, E. K. Bigg, M. R. Grose, R. W. Gillett,
M. Meyer, Flux chamber study of particle formation from Durvillaea
potatorum. Environ. Chem. 2007, 151.

E. K. Bigg, Sources, nature and influence on climate of marine
airborne particles. Environ. Chem. 2007, 155.

C. A. Fletcher, G. R. Johnson, Z. D. Ristovski, M. J. Harvey,
Hygroscopic and volatile properties of marine aerosol observed at
Cape Grim during P2P campaign. Environ. Chem. 2007, 162.

H. Sievering, J. M. Cainey, M. J. Harvey, J. McGregor, S. Nichol,
P. Quinn, Non-seasalt sulfate (NSS) budget in the remote marine
boundary layer under clear sky and normal cloudiness condi-
tions: evidence for enhanced nss production by Os-oxidation in
seasalt aerosols. J Geophys. Res. 2004, D19317. doi:10.1029/
2003JD004315

L. Pirjola, M. Kulmala, M. Wilke, A. Bischoff, F. Stratmann, E. Otto,
Formation of sulfuric acid aerosols and cloud condensation nuclei:
An expression for significant nucleation and model comparison. J.
Aerosol Sci. 1999, 30, 1079. doi:10.1016/S0021-8502(98)00776-9

C. Peters, S. Pechtl, J. Stutz, K. Hebestreit, G. Honninger,
K. G. Heumann, A. Schwarz, J. Winterlik, U. Platt, Reactive
and organic halogen species in three different European coastal
environments. Atmos. Chem. Phys. 2005, 5, 2257.

[13]

[14]

[15]

[16]

[17

—

(18]

[19]

[20]

21

—

22

—

[23]

Manuscript received 30 January 2007, accepted 16 May 2007



